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Membrane fouling by dissolved organic matter (EfOM) in secondary treated effluent is a 24 
problematic and inevitable issue during wastewater reclamation using low pressure membrane 25 
filtration. This study evaluates the performance of coagulation/flocculation (C/F) using two 26 
recently developed coagulants (namely TiCl4 and ZrCl4) in comparison to conventional alum (i.e. 27 
Al2(SO4)3) as pretreatment to remove EfOM for subsequent ultrafiltration (UF) membrane 28 
fouling mitigation. At the optimal dosage, TiCl4-based C/F pretreatment showed the greatest 29 
performance in membrane fouling mitigation, followed by ZrCl4 and then alum. The underlying 30 
mechanisms were well explained by classical fouling models and the extended Derjaguin-31 
Landau-Verwey-Overbeek (xDLVO) theory, highlighting a dominant role of standard blocking 32 
in the fouling potential of the C/F treated EfOM. The interfacial free energy of cohesion and 33 
adhesion showed that C/F pretreatment using TiCl4 and ZrCl4 as coagulant can lower the binding 34 
affinity between EfOM molecules and between EfOM molecules and membrane surface, 35 
ultimately reduce membrane fouling. The results of size exclusion chromatography (SEC) and 36 
fluorescence excitation emission matrix- parallel factor analysis (EEM-PARAFAC) also 37 
supported the classical fouling mechanisms, providing additional insights into the potential roles 38 
of chemical interactions in the preferential removal of certain organic substances by C/F 39 
pretreatment and the chemical composition of subsequent membrane foulants. Protein-like 40 
components were highly associated with reversible fouling after the C/F, while the reversibility 41 
of humic-like substances was enhanced upon C/F pretreatment. After C/F pretreatment, small 42 
sized EfOM molecules became the dominant fraction responsible for UF membrane fouling.  43 




1 Introduction 46 
Water reclamation is an important and arguably most sustainable and cost-effective practice 47 
to address water shortage in highly populated areas [1]. In this context, ultrafiltration (UF) has 48 
emerged as a preferred treatment option due to its capability to remove a broad range of 49 
contaminants, including colloids, bacteria, pathogens, and other organic pollutants, as well as 50 
low energy consumption compared to high pressure membrane processes (e.g., nanofiltration and 51 
reverse osmosis) [2, 3]. However, membrane fouling is a major technical challenge to cost-52 
effective implementation of UF for water reclamation [2]. Fouling of UF membrane is typically 53 
governed by the composition of effluent dissolved organic matter (EfOM), which is mostly 54 
produced during biological wastewater treatment [4, 5]. EfOM contains various organic 55 
materials consisting of polysaccharides, proteins, humic substances (HS), amino sugars, and 56 
nucleic acids, which originate primarily from soluble microbial products (SMP) and 57 
uncharacterized refractory dissolved organic matter (DOM) [6, 7]. High molecular weight (MW) 58 
biopolymers and HS are major contributors to UF membrane fouling [5, 8]. There is also 59 
evidence that other organic constituents can be involved in the fouling process. For example, a 60 
previous report has shown  a connection between neutral and low MW organics and membrane 61 
fouling potential [9].  62 
 Several treatment options prior to UF filtration have been proposed to address membrane 63 
fouling mitigation. In particular, coagulation/flocculation (C/F) is probably the most widely used 64 
and effective method to reduce membrane fouling and to enhance the subsequent filtration 65 
performance [10-12]. C/F can remove a fraction of DOM as well as particulate matters, thus 66 
improving the membrane filterability in subsequent processes [3, 11]. The effectiveness of C/F 67 
processes towards the fouling mitigation depends upon the types of coagulants, the C/F 68 
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conditions, and the characteristics of the wastewater to be treated [13]. Recently, Ti- and Zr-69 
based coagulants have been introduced and received much attention due to their enhancement in 70 
DOM removal [14-16] and membrane fouling alleviation [17] over the conventional coagulant 71 
(alum, Al2(SO4)3). Their superior performance may be related to many factors including floc 72 
growth rate, the size, and the structures, as well  as a variety of hydrolyzed species produced and 73 
the involved complex interactions (e.g., charge neutralization, adsorption, and sweep 74 
coagulation) [13, 15, 18, 19]. For instance, highly charged hydrolysis products of the novel 75 
coagulants, such as (Zr(OH)2.4H2O)4
8+, Zr3(OH)3
8+, Zr(OH)(OH2)7
3+, have been proposed to play 76 
a crucial role in enhancing the destabilization of suspension and creating differences in DOM 77 
quantity and composition of treated samples from those of the traditional Fe- or Al-based 78 
coagulants [15, 16].  Despite the successful applications of the novel coagulants, however, most 79 
studies to date have focused on the drinking water sources [15-17, 20]. There are only a few 80 
studies available to compare the performance of the novel versus the conventional coagulants on 81 
the removal of wastewater [21, 22], in which the removal efficiencies of different coagulants 82 
were compared based on the bulk EfOM parameters such as chemical oxygen demand [22], 83 
dissolved organic carbon (DOC) [21]. However, it is notable that these bulk parameters provide 84 
little information on EfOM composition [7]. To date, there has been no effort in the literature to 85 
explore the pretreatment performance of these novel coagulants on the removal of EfOM through 86 
the post-treatment of membrane filtration and the subsequent membrane fouling mitigation.  87 
 Fluorescence excitation mission matrix coupled with parallel factor analysis (EEM-88 
PARAFAC) is of great merit in obtaining detailed information on the distributions of different 89 
fluorophores in DOM due to its capability to decompose bulk DOM into several fluorescent 90 
components with specific characteristics and structures [23]. EEM-PARAFAC has recently 91 
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become a popular and useful tool to probe the dynamic changes in EfOM for natural and 92 
engineering systems [4, 24-26]. However, EEM-PARAFAC is not able to reflect non light-93 
absorbing constituents (e.g., (poly)saccharides) [27]. Size exclusion chromatography (SEC) 94 
equipped with organic carbon detector (SEC-OCD) [28] can be a good complementary tool to 95 
overcome the limitation. The combined use of SEC-OCD and EEM-PARAFAC has proven its 96 
powerful benefit in tracking the fate of different EfOM constituents upon many treatment 97 
processes [4, 24, 29]. Yet, there was no study to utilize such advanced DOM analyses for the 98 
evaluation of the novel coagulants as the pretreatment for membrane filtration. 99 
The extended Derjaguin, Landau, Verwey and Overbeek (xDLVO) theory can describe 100 
the fouling potential of biologically-derived organics on membrane surface via three different 101 
interactions including van der Waals (LW), electrostatic (EL) and acid-base interactions [30, 31]. 102 
Despite its ability to unravel the underlying mechanisms associated with the interactions between 103 
DOM and membrane, only a few studies have adopted the theory to explain  the pretreatment 104 
effects on membrane fouling such as chlorination [32] or ozonation [33]. It remains unanswered 105 
whether this approach can also be practical to the C/F as a pretreatment to membrane filtration. 106 
This study aims to (1) to comprehensively compare the performance of three coagulants, 107 
including TiCl4, ZrCl4, and Al2(SO4)3 (alum), as the pretreatment option to UF for wastewater 108 
reclamation, and (2) explore the underlying mechanisms of UF membrane fouling mitigation by 109 
the xDLVO theory and advanced DOM analyses.   110 
  111 
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2 Materials and Methods 112 
2.1 Coagulation/flocculation (C/F) experiments 113 
Biologically treated wastewater was collected after gravity clarification from a municipal 114 
wastewater treatment plant in Seoul, South Korea. The collected sample was filtered through 115 
0.45 µm (cellulose acetate, Advantec) and was denoted as EfOM. DOC concentration and UV 116 
absorption coefficient at 280 nm (UV280) of this wastewater sample were 5.7±0.3 mgC/L and 117 
0.12±0.03 1/cm, respectively. This biologically treated wastewater has a pH of 6.8. 118 
Aluminum sulfate (Al2(SO4)3·18 H2O), zirconium chloride (ZrCl4), and titanium chloride 119 
(TiCl4) were purchased from Sigma Aldrich and were used as coagulants. Stock solutions were 120 
prepared in 2000 mg-metal/L by adding the corresponding amounts of the metal coagulants into 121 
Milli-Q® water (Rephile, US). The C/F experiments were conducted using a jar test apparatus 122 
(C-JT, Chang Shin Science). Each C/F experiment consisted of 2 min rapid mixing at 200 rpm, 123 
followed by flocculation for 20 min at 30 rpm. After 30 min settling, the supernatant was 124 
carefully taken at 3 cm below the solution surface for the measurements of zeta potential values 125 
using a Zetasizer (model 380 ZLS, PSS NICOMP). All C/F experiments were conducted in 126 
duplicate. The supernatant was adjusted to pH 3 prior to fluorescence measurements to prevent 127 
potential quenching effect of multi-valent cations on the fluorescence spectra [34]. C/F treated 128 
samples were filtered through 0.45 µm membrane filter (Advantec, Japan) to remove particulate 129 
matter, re-adjusted to pH 7.0, and used for subsequent UF experiments. 130 
 131 
2.2 UF membrane filtration and the estimation of membrane fouling potential 132 
A flat-sheet polyethersulfone (PES) membrane with a molecular weight cutoff (MWCO) of 133 
30 kDa was purchased from Pall Corp. (USA). The membrane surface contact angle was 134 
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51.4±2.4o. The zeta potential of this membrane was previously reported to be -14 mV at pH 7.0 135 
in 10 mM KCl solution [35]. The membrane was submerged in distilled deionized water (DDW) 136 
for 48 hours before use. 137 
UF experiment was conducted using a 400 mL dead-end stirred cell (Amicon 8400, 138 
Millipore Corp., USA) with an effective filtration area of 41.8 cm2. A pressurized nitrogen 139 
cylinder was connected to the UF unit to maintain a constant pressure of 0.03 MPa. Water 140 
permeability of the clean membrane was 99.2±1.0 L/m2/h. Detailed descriptions of the UF 141 
operation and the extraction method for foulants are available elsewhere [36, 37]. Briefly, the UF 142 
filtration was operated in three cycles using 330 mL-feed solution at a neutral condition. Each 143 
cycle was terminated when 300 mL of permeate solution was obtained. DDW (50 mL) was used 144 
to backwash the reversible foulant from the membrane surface. The membrane was reversed, and 145 
DDW (200 mL) was filtered to test irreversibility after hydraulic backwashing. Irreversible 146 
foulants after the three cycles of the filtration was removed by submerging the membrane into 147 
0.1 N NaOH solution for 30 min in a shaker at 150 rpm. The irreversible foulant solution was re-148 
adjusted to pH 7.0. All UF experiments were conducted in duplicate.  149 
The unified membrane fouling indices (UMFI) were calculated based on the following 150 
equations [38]: 151 
𝑈𝑀𝐹𝐼𝑇𝑜𝑡𝑎𝑙 = (𝐽𝑜 𝐽⁄ − 1)/ 𝑉                                                            (1) 152 
𝑈𝑀𝐹𝐼𝐼𝑅 = (𝐽𝑜 𝐽⁄ − 1)/𝑉                                                               (2) 153 
𝑈𝑀𝐹𝐼𝑅𝑒 = 𝑈𝑀𝐹𝐼𝑇𝑜𝑡𝑎𝑙 − 𝑈𝑀𝐹𝐼𝐼𝑅                                                          (3) 154 
The subscript ‘Total’, ‘IR’ and ‘Re’ denote total, irreversible, and reversible fouling, 155 
respectively. Since the normalized flux (i.e., Jo/J) is not linearly correlated with specific permeate 156 
volume (V), the membrane fouling indices were determined based on the 2-point method [39]. 157 
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UMFITotal values were acquired using the slopes of the lines connecting the first flux data point 158 
from the first cycle for EfOM and the last flux data point from the third cycle. UMFIIR values 159 
were obtained based on the initial flux data point of the first cycle and the last flux data point for 160 
DDW backwashing before chemical cleaning [38, 39].  The schematic diagram is in Fig. S1. 161 
 162 
2.3 Analytical methods 163 
2.3.1 DOC measurements and UV-visible (UV-Vis) spectroscopy 164 
A TOC analyzer (Shimadzu TOC-L, Japan) was employed to obtain DOC concentrations. 165 
UV absorption coefficient at 280 nm was determined using a Shimadzu spectrophotometer 166 
(model UV-1800) with a 1-cm quartz cuvette.  167 
 168 
2.3.2 Fluorescence EEM measurements and PARAFAC modeling 169 
 Fluorescence EEM spectra were obtained in a luminescence spectrometer (Hitachi F-170 
7000 FL, Japan) by scanning EfOM samples at the emission wavelength (Em) from 280 to 550 171 
nm at 1 nm-resolution and stepping through the excitation wavelength (Ex) from 220 to 500 nm 172 
at 5 nm intervals. Excitation and emission slits were both adjusted at 10 nm. The scan speed was 173 
set at 12000 nm/min. To limit second order Raleigh scattering, a 290 nm cut off filter was used 174 
for all measurements. The fluorescence response to DDW was considered as a blank 175 
(background) EEM of each sample. The inner filter correction was neglected by a sample 176 
dilution method [40]. Fluorescence intensity was normalized using Raman unit equivalents (RU) 177 
[41]. PARAFAC modeling was conducted using MATLAB 7.1 (MathWorks, Natick, MA, USA) 178 
with the DOMFluor Toolbox [42]. The identified fluorescent components were validated by split 179 
half and residual analysis. Maximum fluorescence intensities (Fmax) of the identified fluorescent 180 
9 
 
DOM (FDOM) components were used to indicate their relative concentrations. The portion of 181 
each FDOM component in different compartments (i.e. permeate, concentrate, reversible and 182 
irreversible solutions) was determined for the mass balance calculation by multiplying their Fmax 183 
values with the corresponding solution as described in the recent literature [4, 25, 36, 37].  184 
 185 
2.3.3. Size exclusion chromatography 186 
A size exclusion chromatography (SEC) system (Model 7, DOC-Labor, Germany), 187 
equipped with both OCD and ultraviolet detector (UVD), was employed to compare the MW 188 
distributions of EfOM samples before and after UF filtration [28]. Each sample (1000 µL) was 189 
injected at flow rate of 1.1 mL/min for a retention time of 130 min. Five different size fractions 190 
were quantified from the SEC chromatograms, which included  biopolymer (BP) (>20k Da), 191 
humic substances (HS) (1k Da), building blocks (BB) (500 Da), low molecular weight organics 192 
(LMW organics) (350 Da) based on the respective retention times and the shapes [28]. The 193 
concentrations of the individual size fractions were determined by a software installed in the 194 
system (Chrom CALC, DOC-Labor, Germany). A separate SEC system with a fluorescence 195 
detector was also utilized for this study to complement the molecular size information on 196 
different FDOM components (Supplemental Information, SI).  197 
 198 
2.3.4 Interaction energy analysis 199 
According to the xDLVO theory, interfacial energy between membrane and the foulants is 200 
related to surface tension, which can be determined by the contact angle between a reference 201 
liquid and the solid surface. Three reference liquids [43] were used for this study. They include 202 
one apolar liquid (diiodomethane; CAS: 75-11-6, Sigma-Aldrich, USA) and two polar (DDW 203 
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and glycerin; CAS: 56-81-5, Sigma-Aldrich, USA) liquids. The reported surface tension 204 
properties of the liquids are summarized in Table S1. Contact angle was measured via the sessile 205 
drop method using SmartDrop (Femtofab, South Korea). Before the measurement, the membrane 206 
was first conditioned and dried, following a protocol previously reported in the literature [33]. To 207 
assess the effects of the C/F pretreatment, 3 L of the untreated and C/F-treated EfOM samples 208 
was filtered through the UF membrane. A piece of the membrane was cut and attached to the 209 
stainless steel plate with the fouling layer facing upward. The reference liquid (5 µL) was then 210 
deposited onto fouled membrane surface using a micro-syringe. Contact angle on both sides of 211 
the droplet recorded. All contact angle measurements were conducted in triplicate. 212 
 213 
3  Results and Discussion 214 
3.1  Dynamic variations of DOC upon the C/F processes using different coagulants  215 
EfOM removal by the three coagulants was compared in terms of DOC (Fig. 1). EfOM 216 
removal steadily increased as the coagulant dosage increased for all three coagulants. At 217 
coagulation dosage above 20 mg/L, the rate of EfOM removal increase was significant for ZrCl4 218 
and TiCl4. On the other hand, the increase in EfOM removal by alum was insignificant when 219 
alum dosage increased beyond 20 mg/L. Overall, EfOM removal by either ZrCl4 or TiCl4 was 220 
higher than that by alum, indicating their superior removal capability for EfOM over the 221 
conventional coagulant (i.e., alum) (Fig. 1). TiCl4 was the most effective among the three 222 
coagulants in this study, followed by ZrCl4 and alum. EfOM removal efficiency observed in this 223 
study was lower than the removal of aquatic humic substances using the same coagulants (e.g. up 224 
to 90% by ZrCl4 [44] or TiCl4 [20]) at a similar coagulant dosage. Results in this study suggest 225 
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that EfOM is more resistant to the C/F treatment than aquatic humic substances. This difference 226 
may be attributed to the unique characteristics of EfOM in comparison to humic substances [45, 227 
46].   228 
Surface charge of flocs particles measured by zeta potential can provide further insight to 229 
the removal mechanisms of DOM by C/F [10]. Zeta potential of EfOM samples after C/F 230 
exhibited a sharp increase from -10.8 to +6.5 mV due to alum addition up to 25 mg/L. Beyond 231 
the alum dosage, the increase in zeta potential of the flocs was more gradual (e.g., +7.4 mV at 80 232 
mg/L of alum) (Fig. 1b). In contrast, when TiCl4 and ZrCl4 were used as coagulants, zeta 233 
potential of the resulted flocs increased steadily as the coagulant dosage increased (Fig. 1b). 234 
Similar observation has been reported for surface water [15] and humic substances [17, 20]. 235 
From Fig. 1b, isoelectronic point (IEP) could be identified when the coagulant dosage reached 236 
15, 80, and 80 mg/L for alum, TiCl4, and ZrCl4, respectively. These values were close to the 237 
dosages corresponding to the respective maximum or near-maximum removal rates over the 238 
tested dosages. This observation implies that charge neutralization plays a critical role in the C/F 239 
processes for EfOM removal. The increase in DOC removal as the alum dosage increased 240 
beyond 20 mg/L (Fig. 1) suggests that charge neutralization might not be a sole mechanism to 241 
operate in the EfOM removal. It is possible that, at high alum dosage, adsorption and 242 
enmeshment/sweep coagulation could overshadow the destabilization of EfOM molecules 243 
maintained by repulsive charge interaction [10], in which  the precipitation of metal hydroxides 244 
might occur due to the dominant presence of soluble metal species [13]. The enhanced removal 245 
rates of EfOM by TiCl4 and ZrCl4 versus alum were consistent with the previous studies based 246 
on surface water DOM, which was explained by the greater charge neutralization capacity of the 247 
highly charged cationic hydrolyzing species of the two novel coagulants versus alum [15, 16]. 248 
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  249 
3.2 Removal behaviors of different EfOM constituents upon the C/F processes 250 
3.2.1 Different fluorescent components 251 
Three different FDOM components were identified by PARAFAC (Fig. 2). Component 1 252 
(C1) exhibited two maxima at 230/340 nm (Ex/Em) and 270/340 nm (Ex/Em). It is denoted as a 253 
protein-like component, which relates to microbial activities [4, 24]. Component 2 (C2) 254 
displayed two peaks at 240/440 nm (Ex/Em) and 340/440 nm (Ex/Em). Similar fluorescence 255 
peaks were reported for humic substances with terrestrial sources [47, 48] as well as microbial-256 
derived humic substances [4, 6]. The peaks of component 3 (C3) appeared at Ex/Em of 240/360 257 
nm and 270/360 nm, which resembled a traditional protein-like fluorophore with microbial 258 
origins [25, 49].  259 
 The general removal behavior (i.e., increased removal with a higher dose) of all three 260 
FDOM components was similar to that measured by DOC (i.e., bulk parameter) irrespective of 261 
the coagulant types. However, the relative removal extent at a given dosage was different by the 262 
FDOM components, suggesting an unique set of characteristics of individual FDOM components 263 
in response to the C/F process. The C1 showed consistently higher removal rates than the C3 264 
regardless of the coagulants and dosages (Fig. 3). For example, the removal rates of C1 and C3 265 
were 39.3 and 4.8%, respectively, at 20 mg/L for alum. This observation is interesting since C1 266 
and C3 components are both protein-like fluorophores presumably microbial origin. 267 
Fluorescence-detected SEC chromatograms revealed the two protein-like components might be 268 
discriminated by different molecular sizes as shown in Fig. S2. However, molecular size alone 269 
cannot fully explain the different removal rates between C1 and C3 because the humic-like C2 270 
showed a higher removal rate than C3 despite its smaller molecular size (Fig. S2). The literature 271 
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has suggested that humic-like components are more hydrophobic than protein-like components 272 
[7, 50]. In addition, the hydrophobic DOM fraction is more readily removed by C/F processes 273 
than the hydrophilic one [13, 51]. Yuan et al. [52] reported that the DOM samples with higher 274 
O/C ratios were removed to a greater extent by C/F processes. Overall, results from our study 275 
imply that both molecular sizes and chemical composition of DOM (or EfOM) can govern 276 
organic removal by C/F. 277 
 Similar to the bulk DOM removal, the FDOM components (particularly, C2 and C3) 278 
generally showed the higher removal rates upon the addition of TiCl4 and ZrCl4 versus alum 279 
(Fig. 3), which agreed with a previous study using aquatic DOM [15]. However, the relative 280 
differences depended on the types of the coagulants and the FDOM components, which may be 281 
ascribed to the unique characteristics of the two novel coagulants. For example, previous reports 282 
suggested that TiCl4 resulted in a faster floc growth rate and larger floc sizes than alum, while 283 
ZrCl4 was the superior to remove relatively low MW organics [15, 20]. Further study is 284 
warranted to fully explain the C/F-dependent removal tendencies towards the different FDOM 285 
components.   286 
 287 
3.2.2. Different size fractions 288 
The removal rates of different EfOM size fractions were compared at the fixed dosage of 289 
each coagulant (20 mg/L for alum and 40 mg/L for TiCl4 and ZrCl4). The dosages were chosen 290 
based on the trends showing no significant improvement in EfOM removal with the further 291 
addition of the coagulants. For example, the dosages doubled from 40 to 80 mg/L for ZrCl4 292 
and/or TiCl4 resulted in only 15% additional removal (Fig. 1). These dosages also prevent 293 
excessive sludge production.  294 
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Comparison of the DOC-detected versus UV-detected SEC chromatograms revealed that 295 
the largest size fraction (i.e., BP) might be mostly dominated by polysaccharides due to its 296 
relatively low UV response versus the high DOC, while LMW organics were enriched with 297 
conjugated structures (i.e., high UV signals) (Fig. S3) [4, 53]. The removal of different DOC 298 
fraction was in the decreasing order of BP > HS > BB > LMW organics for all three coagulants, 299 
showing the preferential removal tendency for large molecular weight organics (Fig. 3d). These 300 
results are in a good agreement with literature [3, 54]. Henderson et al [55] reported that the 301 
removal behavior of HMW molecules is likely governed by charge neutralization, adsorption, 302 
and enmeshment/sweep coagulation, while cross-linking and floc agglomeration with metal 303 
hydrolysis products are essential for the removal of LMW molecules. At the dosages chosen, 304 
TiCl4 presented the highest removal rates for all four size fractions with the superior capability 305 
over other two coagulants. The most pronounced changes were found for the intermediate size 306 
fraction (i.e., BB), in which the percent removal was 32.5% for TiCl4 in comparison to 12.5% for 307 
alum and 8.4% for ZrCl4 (Fig. 3d).  308 
 309 
3.2.3. Flux decline of UF and reversibility of EfOM upon different coagulants 310 
The EfOM samples treated at the designated dosages were used to assess the influence of 311 
the C/F on membrane fouling of UF processes. Before the pretreatment, a severe flux decline 312 
was observed with the final normalized flux (J/Jo) value of 0.56 at the end, while the C/F 313 
treatment led to an obvious improvement in the flux decline (Fig. 4). The mitigation of the 314 
membrane fouling was greater in the order of TiCl4 > ZrCl4 > alum with the normalized flux 315 
(J/Jo) corresponding to 0.81, 0.68, and 0.65, respectively, after three cycles. The primary reason 316 
for the dissimilar effects on the fouling mitigation may lie in the greater removal tendency 317 
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towards the HMW molecules (i.e., BP and HS fractions), which serve as the main foulants, of the 318 
two novel coagulants versus alum (Fig. 3). Close association between membrane fouling 319 
potential and HMW organics has been reported in the literature [8, 56]. Results from our study 320 
are also consistent with a recent study by Su et al [17], who demonstrated an improved 321 
membrane filtration performance for HS by using the novel coagulant, ZrOCl2, versus Al2(SO4)3 322 
for the C/F prior to membrane filtration.  323 
The UMFI values of the untreated EfOM indicated that reversible fouling might contribute  324 
more to the total membrane fouling potential than irreversible fouling (i.e., 2.3510-3 m2/L for 325 
UMFIRe versus 1.3510
-3 m2/L for UMFIIR) (Fig. 4). Compared to alum, TiCl4 showed a better 326 
performance in membrane fouling mitigation with respect to both reversible and irreversible 327 
fouling as shown by the much lowered UMFI values (Fig. 4). In contrast, the mitigation effect of 328 
ZrCl4 was not so much pronounced as that of alum, particularly for reversible fouling (Fig. 4).  329 
Four classic filtration models have been widely employed to evaluate the efficiency of 330 
pretreatment to control membrane fouling (Figs. S4, S5 and Table S2) [36, 57]. Without 331 
pretreatment, cake filtration and standard blocking seem to be the main mechanisms more 332 
responsible for flux declines compared to the intermediate and the complete blocking 333 
mechanisms, as demonstrated by the R2 values of the linear regression for cake/gel layer, 334 
standard blocking, intermediate blocking, and complete blocking being 0.952, 0.994, 0.821, and 335 
0.832, respectively (Table 1). It has been established that cake/gel layer can be formed by large 336 
sized DOM molecules, which are hydraulically reversible [36]. On the other hand, LMW DOM 337 
molecules are associated with standard blocking, contributing to irreversible fouling potential 338 
[36]. After the C/F processes, the treated EfOM showed the decreases of the R2 values for all the 339 
proposed fouling models except for the standard blocking model (Table 1). This suggests that the 340 
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membrane fouling by large sized EfOM molecules was alleviated by the pretreatment, while 341 
LMW molecules might be still a dominant fraction causing the membrane fouling of the treated 342 
samples. For example, the R2 values of the cake/gel layer model for the untreated and the treated 343 
samples were 0.952 (untreated), 0.792 (alum), 0.752 (TiCl4) and 0.878 (ZrCl4), respectively, 344 
while those of the standard model were all above 0.990 (Table 1). 345 
 346 
3.3 Understanding of UF membrane fouling from interaction free energy point of view 347 
The measured surface tension parameters and interaction free energies are shown in Table 2.  348 
In the current work, the free energy of electrostatic double layer, ΔGEL, was not taken into 349 
account since it was previously reported to be very low in biological systems [30]. The virgin 350 
PES membrane exhibited a high electron donor component value (δ-; 22.5 mJ/m2) and a low 351 
electron acceptor component value (δ+; 0.5 mJ/m2), signifying a high electron donor 352 
monopolarity with apolar feature, which is typically found in polymeric membranes [25, 30]. 353 
Like the virgin PES membrane, the membranes treated with the original and the C/F-treated 354 
EfOM exhibited relatively high values for electron donor components, which were comparable 355 
to those previously reported based on wastewater DOM [33]. 356 
The interfacial free energy between the same solid surfaces, which  are immersed and 357 
remain in contact with an  aqueous phase (i.e., water), denoted as cohesion free energy (ΔGiLi) 358 
[43]. The more negative or positive values are, the greater extent of hydrophobic or hydrophilic 359 
potential can be presumed for the measured materials. Thus, it provides a quantitative insights 360 
into the affinity between two similar solid surfaces [30, 31, 43]. In this study, the virgin PES 361 
membrane showed a hydrophobic nature with a negative value of cohesion free energy (i.e., -362 
16.20 mJ/m2).  Similarly, a negative value was shown for the untreated EfOM, implying its 363 
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thermodynamically instable property to form a hydrophobic matrix [30]. The C/F pretreatment 364 
appears to weaken the hydrophobic nature of EfOM components, as shown by the increased 365 
values (or less negative values) of the C/F treated versus the untreated EfOM. Among the C/F-366 
treated samples, TiCl4-treated EfOM showed the highest cohesion free energy (ΔGiLi) with a 367 
positive value of 3.23 mJ/m2, indicating that TiCl4-treated EfOM has the lowest binding affinity, 368 
followed by ZrCl4- and alum-treated EfOM.  369 
The adhesion free energy (ΔGiLm) reported here represents the affinity potential between 370 
EfOM samples and the virgin membrane. Huang et al. [31] suggested that the behavior of 371 
organic foulants regarding attachment and deposition of organic foulants on membrane surface 372 
can be determined quantitatively by interfacial energy of adhesion. In this study, all the measured 373 
EfOM samples, either treated or untreated, exhibited the negative values in the interfacial free 374 
energy of adhesion. The lowest value was found for the membrane founded by untreated EfOM 375 
(-28.10 mJ/m2), suggesting that the original EfOM before pretreatment can be strongly attractive 376 
to the PES membrane. Once EfOM is treated by the C/F processes, the affinity between the 377 
organics and membrane surface was lowered, following the relative order of the novel coagulants 378 
> alum. The ΔGiLm values were -8.64 and -6.81 mJ/m
2 for ZrCl4 and TiCl4, respectively, and -379 
15.1 for alum (Table 2).  380 
Regarding the differences between the untreated and the C/F treated EfOM samples, it is 381 
noteworthy that the organic matrices, simultaneously containing proteins, polysaccharides, and 382 
HS, tend to generate more compact aggregates, exerting a greater membrane fouling potential 383 
compared to those consisting of the individual organic components [30, 58-60]. The removal of 384 
certain organic constituents by the C/F pretreatment may lead to the lower extent of the 385 
intermolecular interactions among different organic molecules as shown by the changes in the 386 
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cohesion free energy (Table 2). The phenomenon can make cake/gel layers loosely formed on 387 
membrane surface [31, 33]. Taken together, the higher values of the interfacial free energy (i.e., 388 
ΔGiLi
TOT or ΔGiLm
TOT) for the EfOM samples treated by TiCl4 or ZrCl4 versus alum (Table 2) 389 
support the outperformance of the novel coagulants over alum as the C/F pretreatment option for 390 
membrane fouling mitigation from interaction free energy point of view.  391 
 392 
3.4 The fate of different EfOM constituents in reversible/irreversible fouling 393 
3.4.1 Removal rates of FDOM components by C/F-UF process 394 
The removal rates of the individual FDOM components were determined based on the 395 
mass balance between the feed and the permeate solutions. The UF process removed C1, C2, and 396 
C3 from untreated EfOM at the rate of 55.3±2.3, 16.7±5.9, and 30.1±4.4%, respectively (Fig. 5). 397 
The relative order of the removal rates (i.e., C1 > C3 > C2) implies a dominant effect of size 398 
exclusion on the removal performance, which is supported by the fluorescence-detected SEC 399 
chromatograms which showed more distribution of the SEC signals into HMW (or shorter 400 
retention times) in the order of C1 > C3 > C2 (Fig. S2). Size exclusion effect has been suggested 401 
in many literature as a dominant mechanism to explain UF processes [5, 9, 24]. Irrespective of 402 
the coagulant types (Fig. 5), the C/F pretreatment examined here apparently enhanced the overall 403 
removal efficiencies for all the FDOM components in UF process. The greatest enhancement 404 
was found for C2 as shown by the largest differences in the removal rates between with and 405 




3.4.2 Relative contributions of FDOM components to reversible/irreversible membrane fouling 408 
A mass balance approach was applied for the individual FDOM components to estimate 409 
the relative contributions to reversible and irreversible fouling. The relative contribution of 410 
FDOM components in the untreated EfOM to reversible over irreversible fouling was greater for 411 
HMW components (i.e., C1 > C3 > C2) (Fig 5). The relative order of different FDOM 412 
components with respect to the ratios of reversible to irreversible fouling potential) was kept the 413 
same after the pretreatment. Such dissimilar fouling behaviors among the individual FDOM 414 
components can be explained by the differences in the molecular sizes and hydrophobicity. For 415 
example,  smaller sized molecules tend to penetrate deeply and irreversibly adsorb on membrane 416 
pores, while humic-like substances may have a strong affinity to bind the hydrophobic PES 417 
membrane through hydrophobic interactions [36, 61]. 418 
For the two protein-like components, the C/F pretreatment did not result in any 419 
significant difference in the relative reversible fouling potential (i.e., Re/(IR+Re)) (ANOVA, 420 
p>0.05). In contrast, the reversibility was improved for the humic-like C2 by the C/F as indicated 421 
by the higher Re/(IR+Re) ratios (Fig. 5). The increased reversible fouling potential could be 422 
associated with the interactions between HS and residual multivalent cations upon the C/F. A 423 
previous study demonstrated that the addition of multivalent cations (e.g., Ca2+ and Al3+) could 424 
induce the aggregation of HS, thus increasing their apparent molecular sizes [62, 63]. This 425 
phenomenon may shift the fouling mechanism responsible for the C2 component (or HS) 426 
partially from inner pore adsorption and clogging (irreversible) into cake/gel layer formation 427 




3.4.3 Distributions of different size fractions in membrane fouling solutions  430 
For untreated EfOM, BP was the most dominant fraction present in the reversible solution 431 
(65.7%), followed by LMW organics (22.8%) (Fig. 6).  The HS and BB fractions were present in 432 
only minor portions in the reversible solution (4.2%). The major contribution of BP to reversible 433 
fouling can be attributed to the size exclusion of membrane filtration, which leads to the 434 
preferential retaining for HMW organics in a form of easily detachable cake/gel layer [2, 64]. 435 
The cake/gel layer may further act as a secondary barrier to hold LMW organics [65]. The minor 436 
presence of HS and BB fractions in the reversible foulants was consistent with the previous 437 
reports [4, 9].  438 
Both HS and LMW organics are major contributors to the irreversible fouling with their 439 
relative presence of 41.3 and 42.4%, respectively (Fig. 6). The high association of HS with 440 
irreversible fouling is well documented [66]. The contribution of LMW organics to irreversible 441 
fouling can be explained by 1) hydrophobic interactions between the PES membrane and the size 442 
fraction with enriched aromatic structures (as indicated by their high UV responses in the SEC 443 
chromatograms), and 2) the propensity of small sized molecules to penetrate deeply into the 444 
membrane matrix, which renders the resistance to hydraulic backwashing [64, 67].  445 
C/F pretreatment using TiCl4 or ZrCl4 coagulant altered the relative contributions of 446 
different EfOM size fractions to reversible or irreversible fouling potential (Fig. 6). After C/F 447 
treatment, the relative contribution of BP to reversible fouling was declined from 65.7% to 448 
~25%. Such a notable change did not occur for the sample treated by alum-based C/F. The minor 449 
presence of both HS and BB in the reversible solution was commonly observed irrespective of 450 
the C/F pretreatment (Fig. 6). Meanwhile, LMW organics became more dominant in the 451 
reversible fouling solutions after the novel coagulants-pretreatment. For example, the relative 452 
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contributions were 58.7% and 55.7% after the C/F using ZrCl4 and TiCl4, respectively, which 453 
contrasts with 22.8% for the untreated EfOM (Fig. 6). The interactions between LMW organics 454 
and residual metal cations appear to modify the LMW organics into relatively larger sized 455 
molecules as shown in the emerging peaks of the C/F treated samples (Fig. S3). It is speculated 456 
that such compactly formed molecules could be easily trapped by the reversible cake/gel layer 457 
acting as a secondary filter [65].  458 
 For irreversible fouling, the relative contribution of HS was noticeably reduced after 459 
pretreatment, while the opposite trend was observed for LMW organics. For example, the 460 
relative contributions of LMW organics were 42.4%, 64.1%, 68.2%, and 72.5% for untreated 461 
EfOM, and the treated EfOM by alum, TiCl4, and ZrCl4, respectively. The enhanced contribution 462 
of  LMW organics to irreversible fouling after pretreatment may be attributed to the charge 463 
screening effects lowering the repulsive charge interactions with membrane surface [68], which 464 
result from increased ionic strength by the presence of residual metal cations (Fig. 1). The 465 
increased relative contribution of LMW organics to both reversible and irreversible fouling 466 
potentially was consistent with the changes in the fitness of the flux to cake/gel layer model and 467 
standard blocking after pretreatment (Table 1). 468 
 469 
4 Conclusions 470 
  Performance of the hybrid C/F-UF process in terms of EfOM removal was 471 
systematically evaluated for two recently developed coagulants (TiCl4 and ZrCl4) and a 472 
conventional coagulant (alum) using state of the art DOM characterization techniques. SEC-473 
OCD signified the importance of molecular size in the performance of C/F processes, as revealed 474 
by the higher removal rates of HMW BP and HS compared to BB and LMW organics. However, 475 
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EEM-PARAFAC results revealed the secondary roles of chemical interactions in the C/F 476 
performance as C2 (humic-like) component was removed to a greater extent than the protein-like 477 
C3 despite its smaller molecular size.  The C/F pretreatment enhanced the reversibility of the 478 
humic-like C2. The two novel coagulants, particularly TiCl4, outcompeted with alum in the 479 
performance of the post UF treatment, exhibiting better membrane fouling mitigation. The 480 
relative contribution of LMW organics to reversible membrane fouling was enhanced after the 481 
C/F pretreatment using the novel coagulants compared to alum. xDLVO theory, which was 482 
utilized for fouling mitigation by C/F pretreatment for the first time in this study, also revealed to 483 
be useful for supporting and understanding the mechanisms behind the roles of C/F pretreatment 484 
in the post UF treatment. The results from xDLVO analysis suggest that C/F could increase the 485 
interfacial free energy of cohesion between EfOM molecular matrices to form relatively less 486 
dense aggregates, which subsequently alleviated membrane fouling potential (i.e. reducing the 487 
adhesion free energy).  488 
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Fig. 1. (a) EfOM removal by coagulation measured as DOC and (b) zeta potential of the flocs particles 689 






Fig. 2. Three individual fluorescent components (protein-like C1, humic-like C2, and protein-like C3) (above) identified by EEM-PARAFAC 





Fig. 3. The rate of removal of different FDOM components by (a)Alum, (b)ZrCl4, and (c) TiCl4 measured 5 
by EEM-PARAFAC. The removal rates of different size fractions, determined by SEC-OCD, at the 6 








Fig. 4. Flux profile of a) of untreated (or original) EfOM, and treated EfOM with Al2(SO4)3, ZrCl4, and 13 
TiCl4 and their corresponding membrane fouling index UMFIRe and UMFIIR. The sum of the reversible and 14 
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 19 
Fig. 5. Comparison of the behaviors of individual FDOM components in the untreated and the treated 20 
EfOM with respect to a) the removal rate and b) the relative contributions to reversible membrane fouling 21 
potential. Error bars are based on duplicate experiments. 22 
 23 
 24 
Fig. 6. Relative contributions of different size fractions in the untreated and the treated EfOM to a) 25 








Table 1. Regression coefficient (R2) for untreated and treated EfOM by different coagulations upon four 32 
classical fouling mechanisms 33 
 
Untreated Alum ZrCl4 TiCl4 
Complete Blocking 0.832 0.771 0.695 0.713 
Standard Blocking 0.994 0.996 0.994 0.997 
Intermediate Blocking 0.821 0.732 0.756 0.672 
Cake/gel layer  0.952 0.792 0.878 0.752 
 34 
Table 2. Surface tension parameters, interfacial free energy of cohesion (ΔGiLi
TOT) and adhesion 35 
(ΔGiLm
TOT) after virgin membrane, untreated and treated EfOM upon the C/F processes. 36 
 
δLW δ+ δ- δAB δTOT ΔGiLiTOT ΔGiLmLW ΔGiLmAB ΔGiLmTOT 
PES membrane 49.19 0.55 22.54 7.05 56.24 -16.20 
   Untreated  50.29 0.44 11.65 4.55 54.84 -40.42 -11.36 -16.74 -28.10 
Alum-treated 43.24 0.01 21.85 1.05 44.29 -14.68 -8.94 -6.21 -15.16 
ZrCl4-treated 41.39 0.33 28.31 6.14 47.52 -1.38 -8.27 -0.37 -8.64 

















LW  : Lifshitz – Van der Waals interactions 51 
AB             : short-range acid-base interactions  52 
EL  : electrostatic double layer interactions 53 
δ+  : electron-accepting component (mJ/m2) 54 
δ-  : electron-donating component (mJ/m2) 55 
δLW  : Lifshitz – Van der Waals component of surface free energy (mJ/m2) 56 
δAB             : acid-base component of surface free energy (mJ/m2) 57 
δEL  : electrostatic double layer component of surface free energy (mJ/m2) 58 
L  : probe liquid(s) (i.e. DDW, Diiodomethane, Glycerin) 59 
m             : virgin membrane surface 60 
i   :  solid surface i.e. virgin or foulants 61 
θ  :  contact angle (degree) 62 
ΔGiLi
LW : LW component of cohesion free energy (mJ/m2) 63 
ΔGiLi
AB : AB component of cohesion free energy (mJ/m2) 64 
ΔGiLi
TOT : total interfacial free energy of cohesion (mJ/m2) 65 
ΔGiLm
LW : LW component of adhesion free energy (mJ/m2) 66 
ΔGiLm
AB : AB component of adhesion free energy (mJ/m2) 67 
ΔGiLm
TOT : total interfacial free energy of adhesion (mJ/m2) 68 
 69 
 70 
 71 
